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Finite element analysis of femoral neck strains during stair ascent and descent 
Abstract 
For older population, a better understanding of the hip joint loading environment is needed for the 
prevention of hip pain, and the reduction of the stress fractures and fall risks. Using the motion analysis 
and inverse dynamics methods, combined with musculoskeletal modelling, static optimization, and finite 
element (FE) femur model, the difference of femoral neck strains between stair ascent vs. descent, young 
vs. older populations was compared. A two-way repeated-measures MANOVA was applied to test the 
effect of age and stair direction on the femoral neck strains. The strains at the femoral neck cross-section 
were greater for stair descent than ascent for both age groups (mostly P = 0.001 to 0006) but there was 
no difference between age groups. In this study, femoral neck strains represented bone loading 
environment in more direct ways than joint reaction forces/moments or joint contact forces, the risk of 
hip pain, falls and stress fractures might be greater during stair descent than ascent. Possible 
preventative methods to reduce these risks should be developed in the future studies. 
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Finite element analysis of femoral 
neck strains during stair ascent 
and descent
Chen Deng1*, Jason C. Gillette2,3 & Timothy R. Derrick2,3
For older population, a better understanding of the hip joint loading environment is needed 
for the prevention of hip pain, and the reduction of the stress fractures and fall risks. Using the 
motion analysis and inverse dynamics methods, combined with musculoskeletal modelling, static 
optimization, and finite element (FE) femur model, the difference of femoral neck strains between 
stair ascent vs. descent, young vs. older populations was compared. A two-way repeated-measures 
MANOVA was applied to test the effect of age and stair direction on the femoral neck strains. The 
strains at the femoral neck cross-section were greater for stair descent than ascent for both age 
groups (mostly P = 0.001 to 0006) but there was no difference between age groups. In this study, 
femoral neck strains represented bone loading environment in more direct ways than joint reaction 
forces/moments or joint contact forces, the risk of hip pain, falls and stress fractures might be greater 
during stair descent than ascent. Possible preventative methods to reduce these risks should be 
developed in the future studies.
Bone fractures are among the injuries with most seriousness which could result in immobilization and cause 
other health issues which could be life-threatening. With the overall mortality rate of hip fractures at 14.0–21.6% 
and an estimated 6.26 million cases expected by 2050, fractures at the femoral neck play an important role in mor-
bidity and mortality among people, especially the older  populations1,2. Moreover, the estimated lifetime cost for 
all hip fractures in the United States and UK are staying high over  years3–6. This musculoskeletal injury will play 
an increasing prominent role in the health and economical issues with an growing aging  population7–9. Especially 
for stair ascent and descent, more hip join pain and falls are found during these activities for older population. 
Some research reported that about 30% of older population suffered at least one fall in life time, and 20–30% of 
falling led to the serious injuries including fractures, concussions  etc10–14. Investigating the load environment 
for the femoral neck could be a useful way to investigate the risk factors of the stress fractures, femur pain and 
its related fall risks for some certain daily activities (e.g. stair navigation), which could be helpful to minimize 
further damage/pain at the hip joint or develop preventative measures to reduce the load on the femoral  neck15,16.
A detailed analysis of the proximal femur load is necessary to understand the mechanisms of fractures and 
bone health. The hip joint forces and bending moments at the proximal femur during stair ascent and  descent17–21 
has been measured using instrumented hip prostheses, which is a direct measure that are invaluable and accu-
rate. Stair descent produced greater hip joint contact forces and bending moments than ascent, but the invasive 
nature and limited sample size reduces the practicality of this protocol in most laboratory and clinical settings. 
Utilization of inverse dynamics and rigid body models allows the estimation of net joint moments and reaction 
forces during stair ascent and  descent22,23, which found the greater hip moments for stair descent than ascent. But 
these methods neglected the effect of co-contracting muscles and fail to consider the size and material properties 
of the bone. Musculoskeletal modelling and muscle force estimation could be utilized with the 2-demensional 
simplified model to estimate femoral neck stresses for stair ascent and  descent24, but the strain (deformation 
statues) estimation could not be performed with the 2-D model.
Finite element method (FEM) could be used to accurately model bone geometry, material properties, and 
femoral external loads given the appropriate load inputs for the femoral neck or other specific regions. This 
analysis could be used in a 3-dimensional (3-D) bone model so the strains (material deformation) for the femoral 
neck could be estimated. The 3-D Bone models could be derived from CT or MRI scans of bone  specimens25,26, 
which provides more accurate information for the geometry and material properties to predict the load in a 
more realistic way. In the finite element models, loading moduli and compressive strength could be computed 
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in each element of the model by using the correlation between calibrated CT scan and ash density, and another 
correlation between ash density and mechanical properties of trabecular and cortical  bone25,26. These procedures 
could be performed by the commercially available computer programs (e.g. FEBio, Abaqus), which estimate stress 
and strain at each element of the bone model. Early applications for these models were load tests using artificial 
external load acting on the fixed points of the femoral head to simulate standing, walking or landing. The load 
conditions and failure criteria, bone failure theory were tested by these finite element  models27. In vivo testing, 
finite element model with simplified muscle models could lead to significantly inaccurate  estimation28,29, so the 
more complex and realistic load conditions (with full muscle models) should be needed to reflect the accuracy 
of the stress/strain  estimation30,31.
Using finite element method to estimate the compressive (minimal principal) and tensile (maximal principal) 
strains on the femur model could show how much load is acting on different regions of the femur, especially 
on the femoral  neck32,33. The strain estimation during daily activities could reveal the load environment of the 
femoral neck and analyze the load that could be responsible for injury or the proximal femoral pain syndromes. 
Moreover, gait changes as people age, and this aging effect combined with the changes in bone properties or 
muscular ability with age may lead to more risks of femoral neck fractures, hip pain or  falls14,15,34.
Due to above aging effects, it is hypothesized that the femoral neck strain should be greater for older popula-
tion than younger since older population suffered more hip pain and fall issues. The purposes of this study were 
to (1) compare peak compressive and tensile strains on the femoral neck between stair ascent and descent, (2) 
compare peak compressive and tensile strains between young and older groups, and (3) find the location of strain 
concentration (peak strain location) on the femoral neck.
Results
The maximum femoral head deflections were lower than 1.7–2.0 mm for all the models, which were within a 
physiologically realistic range, in particular < 4  mm14,29. The main effect of stair direction was significant for both 
young and older groups (P < 0.001), while the main effect of age (P = 0.066) and the interaction effect of age by 
stair direction (P = 0.137) were not statically significant, a-posteriori power analysis was performed and showed 
the effect size f for MANOVA test was greater than 0.25.
For older group, stair descent generated greater compressive strains than ascent (Peak 1: %DIFF = 28.5%, 
P = 0.001, Effect size = 0.98; Peak 2: %DIFF = 23.2%, P = 0.004, Effect size = 0.86), and descent had greater tensile 
strains than ascent (Peak 1: %DIFF = 42.5%, P = 0.006, Effect size = 0.80; Peak 2: %DIFF = 39.6%, P < 0.001, Effect 
size = 1.12), shown in Figs. 1 and 2. For young group, stair descent generated greater compressive strains than 
ascent (Peak 1: %DIFF = 38.0%, P < 0.001, Effect size = 0.89; Peak 2: %DIFF = 40.9%, P < 0.001, Effect size = 1.20), 
and descent had greater tensile strains than ascent (Peak 1: %DIFF = 47.9%, P = 0.003, Effect size = 0.75; Peak 2: 
%DIFF = 52.2%, P < 0.001, Effect size = 1.50), shown in Figs. 1 and 2.
Due to the non-significant main effect of age, there was no statistical difference between young and older 
groups for the femoral neck strains. The maximum compressive strains were -400 to -500 µε (stair ascent), -680 
to -805 µε (stair descent) for young group; while for older group they were -385 to -405 µε (stair ascent), -500 
to -565 µε (stair descent). For the tensile strains, strains for young group were 125 to 175 µε (stair ascent) and 
260 to 340 µε (stair descent) while for older groups were around 125 to 135 µε (stair ascent) and 210 to 240 µε 
(stair descent).
Figure 3 shows the location of strain concentration for both compressive and tensile strains. For stair ascent, 
the compressive strain concentrations were located at the mid-posterior surfaces at peak 1, and the upper-pos-
terior surfaces at peak 2; the tensile strain concentrations were located at the upper to mid-posterior surfaces at 
peak 1, and the upper-posterior surfaces at peak 2. For stair descent, the compressive strain concentrations were 
at the inferior surface for descent at both peaks; the tensile strain concentrations were at the superior surface 
for descent at both peaks.
Discussion
In this study, femoral neck strains were analyzed during stair ascent and descent using finite element method. 
Peak femoral neck strains were analyzed compared during stair navigation for young and older adults, which 
would be helpful to analyze the femoral neck load environment. This information could be used in understand-
ing of the bone health, including prevention of femoral fractures, reduction of femoral pain and its related falls 
for the older population etc.
The compressive strains at the femoral neck were greater for stair descent than ascent, which indicated that 
the femoral neck suffered more compressive loads from stair descent than ascent. Greatest compressive strains 
for stair descent located at the inferior surface, which might mostly due to the large bending effect caused by 
the hip joint force acting on the femoral  head33,35,36. In general, the hip joint force compressed the neck concave 
inferior during stair descent due to a relatively extended position of the hip and knee (maximal hip flexion angle 
from 8 to 12 degrees, 0 degree as the neutral position). Due to the same bending effect and a relatively flexed 
posture of the hip (maximal hip flexion angle from 45 to 50 degrees), the femoral neck concave was compressed 
more posteriorly for stair ascent.
Greater tensile strains at the femoral neck were found for stair descent, which mainly located at the superior 
surface. This could be caused by the tensile bending effect at the superior surface of the neck due the hip joint 
force with a relatively extended position of the hip. For stair ascent, the greater tensile strains would have been 
located around the anterior surface of the femoral neck due to this bending effect and the flexed posture of the 
hip. However, the tensile strain concentrations were at the upper to mid-posterior surfaces, which were closed 
to the locations of compressive strain concentrations. The greater adductor muscle activities during stair ascent 
could be one explanation: this effect could cancel out the tensile effect caused by the hip joint  force24,37, which 
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could be a protective method for the superior surface of femoral neck. The Poisson ratio was setup as 0.3 for 
each element in the model. For each element, greater compressive strain at in one direction would cause greater 
tensile strains in the lateral directions. The ratio of tensile and compressive strains at the posterior area was 
approximately 0.3 (tensile/compressive), so these tensile strain concentrations could be partially caused by the 
large compressive strains.
Comparing to stair ascent, less muscular activities for the hip/knee extensor and hip abductor muscle were 
found for stair descent in this and prevous  stuides24,37. the decrease of muscle force during stair descent might 
minimize the muscular protection to the  femur24,37. The principal strains at the femoral neck during stair ascent 
and descent were much lower than the walking tests from  Anderson32 but similar with the tests from  Edwards38, 
this difference might partially due to 25% lower gait speed (0.84–0.92 m/s) during stair ascent/descent than 
walking, or due to difference in the assigned material property/stiffness.
The result did not support the hypothesis that older population had more femoral neck strains than young 
population. One explanation for this phenomenon could be a much slower pace for older participants during 
stair navigation: much longer ground contact time and slower walking speed was found for older participants 
in this study, which could result in lower ground impact during stair ascent and descent. Moreover, the age 
requirement for the older groups was not same as older population (usually defined by more than 65 yrs): most 
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Figure 1.  The averaged peak compressive strains (unit: µε) for older and young groups (Means ± SD). In 
Horizontal axis, 1 indicated peak 1, 2 indicated peak 2. *Stands for the significant difference comparing to stair 
descent (P < 0.01).
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carefully and some younger ones (18–20 yrs) were landed heavily, this could cause the higher variability in strains 
during stair descent for young group (Table 1).
Both compressive and tensile strains analyzed in this study could be presented as direct variables related to 
the loads that cause hip pain, falls and bone damage or fracture. The results showed that stair descent produced 
more femoral neck strains than ascent, which indicated that the risk of hip pain, falls and stress fractures could 
be higher for stair descent, more alternative/preventative methods to reduce stress and strain effectively should 
be developed for older population.
The method used in this study still remained some limitations: (1) the finite element models (a 99 year old 
cadaver) do not incorporate any subject-specific imaging to provide information on bone geometry or the distri-
bution of bone density, which might lead to lower loading moduli than ultrasound or unloading  measurements39; 
(2) using individualized CT or MRI scans could give more accurate prediction; (3) isotropic material properties 
could lead to overestimation of the tissue  stiffness40; (4) potential errors for the estimation from the musculo-
skeletal model and finite element models may still remain. For the future studies, a more individualized femoral 
neck model (based on CT scans and anisotropic material properties) and subject-specific musculoskeletal model 
(based on ultrasound) could be used in the testing. With more accurate information for each individual, the 
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Figure 2.  The averaged peak tensile strains (unit: µε) for older and young groups (Means ± SD). In Horizontal 
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Conclusion
For both young and older groups, stair descent produced more femoral neck strains than ascent, which indicated 
that the risk of hip pain, falls and stress fractures could be higher for stair descent for older population. More 
alternative/preventative methods (slower speed, change gait type etc.) to reduce stress and strain on the femoral 
neck should be developed for older population to avoid hip pain, falls and stress fractures during stair navigation.
Methods
In this study, all methods were carried out in accordance with relevant guidelines and regulations from the 
Biomechanics Laboratory, Department of Kinesiology, Iowa State University. All experimental protocols were 
approved by the Iowa State University Human Subjects Review Board.
To perform a two-way repeated-measures MANOVA, it was determined that a minimum of 34 participants 
in total would be needed to detect differences in strains between stair ascent and descent, between young and 
older groups with a medium effect size of 0.25 for with a power of 0.80 (GPower 3.1). For this study, seventeen 
Figure 3.  The strain distribution (unit: µε) for the femoral neck during the 1st peak, posterior view, older group 
(a representative participant). Positive values indicated tensile strains, negative values indicated compressive 
strains.
Table 1.  Means ± SD of peak strains (µε) for the femoral neck for young and old groups during stair ascent 
and descent, strains were averaged among participants within the group. * stands for the significant difference 
comparing to stair descent (P < 0.01).
Stair ascent Stair descent
Strain type Peak 1 Peak 2 Peak 1 Peak 2
Older group
Compressive − 403.6 ± 144.8* − 386.3 ± 127.7* − 564.7 ± 177.2 − 503.3 ± 155.9
Tensile 136.1 ± 65.3* 126.0 ± 46.5* 236.7 ± 105.3 208.7 ± 75.1
Young group
Compressive − 500.1 ± 137.5* − 401.8 ± 132.7* − 806.6 ± 363.6 − 679.3 ± 301.2
Tensile 176.8 ± 68.5* 123.9 ± 46.7* 339.3 ± 195.0 259.0 ± 99.3
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older adults and twenty young adults who were free from lower limb injuries volunteered to participate (Table 2). 
Before participation, they signed a written informed consent document that had been approved by the Iowa State 
University Human Subjects Review Board.
Body mass, height, and anthropometric measures for the right lower extremity segments (segmental lengths, 
widths, and circumferences) were measured. Eighteen reflective markers were placed on anatomical landmarks 
of the trunk, pelvis, and right lower extremity with a minimum of 3 markers per segment. Toe, heel and lateral 
foot markers were placed for the foot segment; anterior leg, posterior leg and ankle markers were placed for 
the leg segment; anterior thigh, right hip and knee markers were placed for the thigh segment; both right and 
left hip, both right and left Anterior superior iliac spine (ASIS) and sacrum markers were placed for the pelvis 
segment; medial and lateral ankle markers could be used both in the foot and leg segments, medial and lateral 
knee markers could be used both in the leg and thigh segments. All anthropometric measurements and marker 
placements were performed by the same researcher. A static trial was collected with the subject in anatomical 
position to estimate joint center locations by the markers on the joints and then medial side markers of the lower 
extremity were removed. All subjects performed five trials of stair ascent and five trials of descent (three-step 
staircase, height of each stair: 19 cm) at their normal comfortable speed without any external support (handrail 
etc.). For each trial, the participant used the left foot to take the  1st step, then took the  2nd step with the right foot, 
which landed on the force platform. AMTI force platforms (1600 Hz, AMTI, Watertown, MA) were placed on 
the two lower stairs to measure ground reaction forces. Motion data were collected using an 8-camera system 
(160 Hz, Vicon MX, Centennial, CO).
Ground reaction forces and motion data were filtered using a low-pass Butterworth filter with a cutoff fre-
quency of 6  Hz41. The stance phase cycle for stair ascent/descent began with the first contact of the right foot on 
the force platform and finished with its toe-off. All gait cycles were normalized into a percentage of the stance 
phase. A rigid body model was used with inverse dynamics procedures to estimate three-dimensional joint 
moments and reaction forces at the ankle, knee, and hip. Segment masses, center of mass locations, and moments 
of inertia were  obtained42. Joint moments and reaction forces were calculated in the global coordinate system 
and then transformed into the coordinate system of the proximal segment at each joint.
An individually scaled musculoskeletal model based on the joint and muscle definitions of  Arnold43 was 
implemented in Matlab to estimate the dynamic muscle–tendon length, velocity adjusted maximal muscle 
forces, muscle moment arms and orientations for 44 lower limb muscles. The three dimensional segment angles 
obtained during the trials were used in the model. Static optimization was used to select a set of muscle forces 
that minimized the sum of the squared muscle  stresses44 and balanced using the sagittal plane hip, knee and 
ankle moments, frontal plane hip moment and the transverse plane hip and ankle moments. Solutions were also 




2 Subject to: rij × Fi = Mj 0 ≤ Fi ≤ Max dynamic Fi
For the ith muscle:  Fi is estimated muscle force,  Ai is the cross-sectional area,  rij is the moment arm for the 
jth joint moment, and  Mj is the jth joint moment.
The hip joint contact forces were calculated by the sum of the hip joint reaction forces and the muscle forces 
across the hip joint. The 3-demensional hip joint contact forces were acting on the femoral head of the femur 
model.
The finite element model for the whole femur was provided by VAKHUM  database45. The model was devel-
oped by the clinical CT scans for the femur from a female cadaver (age: 99-yr; mass: 55 kg; height: 1.55 m), and 
the apparent density was calculated according to  Schileo30. The acquisition setting of the CT scan was 120 kVp 
and 200 mAs, and images were reconstructed with a slice thickness of 2.7 mm and an in-plane pixel resolution 
of 0.840 mm. The finite element model contains 104,945 linear hexahedral elements with 115,835 degrees of 
freedom (or nodes). The default element edge length is 2.0 mm. Principal stresses, and principal strains will have 
less than 3% change when increasing element edge length from 2.0 to 3.0 mm, which guaranteed the adequate 
convergence at the H-refinement.
The geometry of femur model was scaled by the individual thigh length in longitudinal direction, and then 
scaled by the length·diameter2 ∝ body mass in radial direction according to  McMahon46. The gender specific cor-
relations between Young’s modulus and age was developed from  Burstein47 and the calculated Young’s modulus 
data from the original cadaveric femur. The isotropic material property (Young’s modulus and Poisson’s ratio) of 
whole femur model was justified uniformly by these correlations for each participant. Each element was assigned 
Table 2.  Subject information: gender, age, body weight and height; XX (X) stands for Mean (SD).
Group Old Young
Gender Male Female Male Female
Number 7 10 10 10
Age (yrs)
60 57 23 23
(6) (5) (3) (3)
Weight (kg)
75 67 80 62
(14) (8) (14) (10)
Height (m)
1.73 1.67 1.76 1.70
(0.05) (0.05) (0.07) (0.07)
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to one of 286 linear-elastic material properties. The density-elasticity relationship was based on mechanical 
testing data of femoral  neck48:
E = 6850ρapp1.49, where E is the loading moduli in MPa, and ρapp is the apparent density in g/cm3; all materials 
were assigned a Poisson’s ratio of 0.3.
The finite element and musculoskeletal models were aligned into a common local coordinate system. 27 
femoral muscle insertion locations from Arnold’s model were mapped to surface nodes of the finite element 
model. The finite element model was physiologically constrained at the lateral epicondyle in the anterior–pos-
terior direction; center of the patellar groove in the anterior–posterior, medial-laterial and vertical directions; 
and the femoral head contact point in the anterior–posterior, medial-laterial  directions29, shown in Fig. 4. All 
muscle forces and joint contact forces were applied as point load for the femur model.
The compressive and tensile strains at the whole femur were analyzed during both hip joint contact force 
peaks. The whole femoral neck cross-sections were extracted for each subject and all forces were applied as point 
loads and resulting strain concentrations were removed from further analysis by discarding nodes and elements 
in the immediate vicinity of load  application48.
The independent variables were the direction of travel (ascent vs descent) and the age group (young vs older), 
the dependent variable were compressive (minimal principal) and tensile (maximal principal) strains. The strain 
was estimated at the two time points during the stance phase that corresponded with the peak hip joint contact 
force values from the bimodal curves in the contact force by time plot. The averages of 5 trials for each direction 
were used for statistical analysis. A two-way repeated-measures MANOVA was used to compare the differences 
between the directions (ascent vs descent) and between the age groups (young vs older) as well to test for an age 
by direction interaction (SPSS, IBM Corp). Univariate ANOVAs were performed given a significant multivariate 
statistic. If sphericity was violated a Greenhouse–Geisser correction was performed. Pairwise t-tests were used to 
compare the maximum strains on the femoral neck between stair ascent and descent during the 1st and 2nd hip 
contact force peaks, for young and older group separately. The alpha level was set at 0.05 for all statistical tests.
The compressive and tensile strains are presented in the femoral neck cross-section (Table 2). The percent-
age of strain differences (%DIFF) were calculated using the follow equation  (StrainSD = strain for stair descent, 
 StrainSA = strains for ascent):
Data availability
The original/raw datasets generated and analysed for the current study are available from the corresponding 
author on reasonable request. The datasets under the statistical analysis was uploaded as the supplementary files.
Received: 21 September 2020; Accepted: 23 March 2021
References
 1. Dhanwal, D., Dennison, E., Harvey, N. & Cooper, C. Epidemiology of hip fracture: worldwide geographic variation. Indian J. 
Orthop. 45(1), 15–22 (2011).
 2. Pesce, V. et al. Surgical approach to bone healing in osteoporosis. Clin. Cases Miner. Bone Metab. 6(2), 131–135 (2009).
 3. Braithwaite, R. S., Col, N. F. & Wong, J. B. Estimating hip fracture morbidity, mortality and costs. J. Am. Geriatr. Soc. 51(3), 364–370 
(2003).
 4. Edwards, C., Counsell, A., Boulton, C. & Moran, C. G. Early infection after hip fracture surgery: risk factors, costs and outcome. 
Bone Joint J. 90(6), 770–777 (2008).
 5. Nikkel, L. E. et al. Impact of comorbidities on hospitalization costs following hip fracture. JBJS 94(1), 9 (2012).
 6. Lawrence, T. M., White, C. T., Wenn, R. & Moran, C. G. The current hospital costs of treating hip fractures. Injury 36, 88–91 (2005).
 7. Kenzora, J. E., McCarthy, R. E., Lowell, J. D. & Sledge, C. B. Hip fracture mortality: relation to age, treatment, preoperative illness, 
time of surgery, and complications. Clin. Orthop. Relat. Res. 186, 45–56 (1984).
 8. White, B. L., Fisher, W. D. & Laurin, C. A. Rate of mortality for elderly patients after fracture of the hip in the 1980’s. J. Bone Jt. 
Surg. Ser. A. 69(9), 1335–1340 (1987).
 9. Stevens, J. A. & Rudd, R. A. The impact of decreasing U.S. hip fracture rates on future hip fracture estimates. Osteoporos. Int. 24(10), 
2725–2728 (2013).




Figure 4.  3-dimensional model for femur and the boundary condition locations.
8
Vol:.(1234567890)
Scientific Reports |         (2021) 11:9183  | https://doi.org/10.1038/s41598-021-87936-y
www.nature.com/scientificreports/
 11. Herman, T., Inbar-Borovsky, N., Brozgol, M., Giladi, N. & Hausdorff, J. M. The Dynamic Gait Index in healthy older adults: the 
role of stair climbing, fear of falling and gender. Gait Posture. 29(2), 237–241 (2009).
 12. Stevens, J. A., Corso, P. S., Finkelstein, E. A. & Miller, T. R. The costs of fatal and non-fatal falls among older adults. Inj. Prev. 12(5), 
290–295 (2006).
 13. Hong, Y. N. G. & Shin, C. S. Gender differences of sagittal knee and ankle biomechanics during stair to ground descent transition. 
Clin. Biomech. 30(10), 1210–1217 (2015).
 14. Rowbotham, S. K., Blau, S., Hislop-Jambrich, J. & Francis, V. Fatal falls involving stairs: an anthropological analysis of skeletal 
trauma. Forensic. Sci. Med. Pat. 14(2), 152–162 (2018).
 15. Greenspan, S. L., Myers, E. R., Maitland, L. A., Resnick, N. M. & Hayes, W. C. Fall severity and bone mineral density as risk factors 
for hip fracture in ambulatory elderly. JAMA J. Am. Med. Assoc. 271(2), 128 (1994).
 16. Zadpoor, A. A. & Nikooyan, A. A. The relationship between lower-extremity stress fractures and the ground reaction force: a 
systematic review. Clin. Biomech. 26(1), 23–28 (2011).
 17. Damm, P. et al. In vivo hip and lumbar spine implant loads during activities in forward bent postures. J. Biomechan. https:// doi. 
org/ 10. 1016/j. jbiom ech. 2019. 109517 (2018).
 18. Bergmann, G. et al. Loading of the hip and knee joints during whole body vibration training. PLoS ONE 13(12), e0207014. https:// 
doi. org/ 10. 1371/ journ al. pone. 02070 14 (2018).
 19. Bergmann, G., Bender, A., Dymke, J., Duda, G. N. & Damm, P. Physical activities that cause high friction moments at the cup in 
hip implants. J. Bone Joint Surg. https:// doi. org/ 10. 2106/ JBJS. 17. 01298 (2018).
 20. Damm, P., Kutzner, I., Bergmann, G., Rohlmann, A. & Schmidt, H. Comparison of in vivo measured loads in knee, hip and spinal 
implants during level walking. J. Biomech. https:// doi. org/ 10. 1016/j. jbiom ech. 2016. 11. 060 (2016).
 21. Bergmann, G. et al. Hip contact forces and gait patterns from routine activities. J. Biomech. 34(7), 859–871 (2001).
 22. Novak, A. C. & Brouwer, B. Sagittal and frontal lower limb joint moments during stair ascent and descent in young and older 
adults. Gait Posture. 33(1), 54–60 (2011).
 23. Protopapadaki, A., Drechsler, W. I., Cramp, M. C., Coutts, F. J. & Scott, O. M. Hip, knee, ankle kinematics and kinetics during stair 
ascent and descent in healthy young individuals. Clin. Biomech. 22(2), 203–210 (2007).
 24. Deng, C., Gillette, J. C. & Derrick, T. R. Femoral neck stress in older adults during stair ascent and descent. J. Appl. Biomech. 34(3), 
191–198 (2018).
 25. Keyak, J. H., Skinner, H. & Fleming, J. Effect of force direction on femoral fracture load for two types of loading conditions. J. 
Orthop. Res. 19(4), 539–544 (2001).
 26. Viceconti, M. et al. Are spontaneous fractures possible? An example of clinical application for personalised, multiscale neuro-
musculo-skeletal modelling. J. Biomech. 45(3), 421 (2012).
 27. Cristofolini, L. Influence of thigh muscles on the axial strains in a proximal femur during early stance in gait. J. Biomech. 28(5), 
617 (2018).
 28. Duda, G. N. et al. Influence of muscle forces on femoral strain distribution. J. Biomech. 31, 841–846 (1998).
 29. Speirs, A. D., Heller, M. O., Duda, G. N. & Taylor, W. R. Physiologically based boundary conditions in finite element modelling. 
J. Biomech. 40, 2318–2323 (2007).
 30. Schileo, E. et al. Subject-specific finite element models can accurately predict strain levels in long bones. J. Biomech. 40(13), 
2982–2989 (2007).
 31. Aamodt, A. et al. In vivo measurements show tensile axial strain in the proximal lateral aspect of the human femur. J. Orthop. Res. 
15(6), 927–931 (1997).
 32. Anderson, D. E. & Madigan, M. L. Effects of age-related differences in femoral loading and bone mineral density on strains in the 
proximal femur during controlled walking. J. Appl. Biomech. 29(5), 505–516 (2013).
 33. Kersh, M. E. et al. Mechanical loading of the femoral neck in human locomotion. J. Bone Miner. Res. 33, 1999–2006 (2018).
 34. Khow, K. S. F. & Visvanathan, R. Falls in the aging population. Clin. Geriatr. Med. 33(3), 357–368 (2017).
 35. Taylor, M. E. et al. Stress and strain distribution within the intact femur: compression or bending?. Med. Eng. Phys. 18, 122–131 
(1996).
 36. Munih, M., Kralj, A. & Bajd, T. Bending moments in lower extremity bones for two standing postures. J. Biomed. Eng. 14, 293–302 
(1992).
 37. Hall, M., Stevermer, C. A. & Gillette, J. C. Muscle activity amplitudes and co-contraction during stair ambulation following anterior 
cruciate ligament reconstruction. J. Electromyogr. Kinesiol. 25(2), 298–304 (2015).
 38. Edwards, B. W., Miller, R. H. & Derrick, T. R. Femoral strain during walking predicted with muscle forces from static and dynamic 
optimization. J. Biomech. 49, 1206–1213 (2016).
 39. Malandrino, A. et al. Anisotropic tissue elasticity in human lumbar vertebra, by means of a coupled ultrasound-micromechanics 
approach. Mat. Lett. 78, 154–158 (2012).
 40. Blanchard, R., Dejaco, A., Bongaers, E. & Hellmich, C. Intravoxel bone micromechanics for microCT-based finite element simula-
tions. J. Biomech. 46(15), 2710–2721 (2013).
 41. Yu, B., Gabriel, D., Noble, L. & An, K. N. Estimate of the optimum cutoff frequency for the Butterworth low-pass digital filter. J. 
Appl. Biomech. 15(3), 34 (1999).
 42. Vaughan, C. L. Dynamics of human gait, 2001.
 43. Arnold, E. M., Ward, S. R., Lieber, R. L. & Delp, S. L. A model of the lower limb for analysis of human movement. Ann. Biomed. 
Eng. 38(2), 269–279 (2010).
 44. Glitsch, U. & Baumann, W. The three-dimensional determination of internal loads in the lower extremity. J. Biomech. 30(11–12), 
1123–1131 (1997).
 45. Van Sint Jan, S. The VAKHUM project: virtual animation of the kinematics of the human. Theor. Issues Ergon Sci. 6(3–4), 277–279 
(2005).
 46. McMahon, T. Size and shape in biology. Science (New York, N.Y.), 1979.
 47. Burstein, A. H., Reilly, D. T. & Martens, M. Aging of bone tissue: mechanical properties. J. Bone Joint Surg. 58(1), 82–86 (1976).
 48. Morgan, E. F., Bayraktar, H. H. & Keaveny, T. M. Trabecular bone modulus-density relationships depend on anatomic site. J. 
Biomech. 36(7), 897–904 (2003).
 49. Polgar, K., Gill, H. S., Viceconti, M., Murray, D. W. & O’Connor, J. J. Strain distribution within the human femur due to physiologi-
cal and simplified loading: finite element analysis using the muscle standardized femur model. Proc. Inst. Mech. Eng. H. 217(3), 
173–189 (2003).
Author contributions
Three authors were involved with the study and the preparation of the manuscripts: C.D. fully involved in research 
design, data collection/analysis, manuscript writing and reviewing; J.G. involved in research design and manu-
script reviewing/editing; T.D. involved in research design, data collection and manuscript reviewing/editing.
9
Vol.:(0123456789)
Scientific Reports |         (2021) 11:9183  | https://doi.org/10.1038/s41598-021-87936-y
www.nature.com/scientificreports/
Competing interest 
The authors declare no competing interests.
Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 87936-y.
Correspondence and requests for materials should be addressed to C.D.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.
© The Author(s) 2021
